Mutants of Salmonella typhimurium that lack the biosynthetic sulfite reductase (cysI and cysJ mutants) retain the ability to reduce sulfite for growth under anaerobic conditions (E. L. Barrett and G. W. Chang, J. Gen. Microbiol., 115:513-516, 1979). Here we report studies of sulfite reduction by a cysI mutant of S. typhimurium and purification of the associated anaerobic sulfite reductase. Sulfite reduction for anaerobic growth did not require a reducing atmosphere but was prevented by an argon atmosphere contaminated with air (<0.33%). It was also prevented by the presence of 0.1 mM nitrate, which argues against a strictly biosynthetic role for anaerobic sulfite reduction. Anaerobic growth in liquid minimal medium, but not on agar, was found to require additions of trace amounts (lo-7 M) of cysteine. Spontaneous mutants that grew under the argon contaminated with air also lost the requirement for 10-7 M cysteine for anaerobic growth in liquid. A role for sulfite reduction in anaerobic energy generation was contraindicated by the findings that sulfite reduction did not improve cell yields, and anaerobic sulfite reductase activity was greatest during the stationary phase of growth. Sulfite reductase was purified from the cytoplasmic fraction of the anaerobically grown cysI mutant and was purified 190-fold. The most effective donor in crude extracts was NADH. NADPH and methyl viologen were, respectively, 40 and 30% as effective as NADH. Oxygen reversibly inhibited the enzyme. Two highmolecular-weight proteins separated by gel filtration (Mr 360,000 and 490,000, respectively) were required for maximal activity with NADH. Indirect evidence, including in vitro complementation experiments with a cysG mutant extract, suggested that the 3609000-Mr component contains siroheme and is the terminal reductase.
Although much is known about sulfite reduction by the sulfate-reducing bacteria (1, 23, 28) , very little is known about the anaerobic production of H2S from sulfite by members of the family Enterobacteriaceae. The ability to perform this reaction is routinely used in diagnostic laboratories to differentiate Salmonella species (H2S positive) from Escherichia coli (H2S negative). We have hypothesized that the enzymes involved may explain the observation that cysI and cysJ (biosynthetic sulfite reductase) mutants of S. typhimurium behave as prototrophs under anaerobic conditions (2) , whereas E. coli cysI and cysJ mutants are auxotrophs under both aerobic and anaerobic conditions (E. L. Barrett, unpublished findings). Like E. coli, S. typhimurium mutants defective in cysG, which is required for synthesis of the siroheme prosthetic group (25) , do not produce H2S from sulfite and do not behave as prototrophs under anaerobic growth conditions. Therefore, we have hypothesized that H2S production from sulfite by S. typhimurium involves a siroheme-containing anaerobic dissimilatory sulfite reductase that can, incidentally, provide reduced sulfur for biosynthesis during anaerobic growth.
S. typhimurium also produces H2S from thiosulfate, a property that is much more widespread among members of the Enterobacteriaceae than is the ability to produce it from sulfite (3) . Previous tests of H2S production from sulfite as compared with its production from thiosulfate (8) demonstrated that these two processes proceed via different enzy-* Corresponding author. matic pathways: a fermentable sugar is required for production of H2S from sulfite, but glucose represses its production from thiosulfate, menaquinone mutants and molybdenum incorporation mutants produce H2S from sulfite but not from thiosulfate, and siroheme mutants retain the ability to reduce thiosulfate to H2S. Other qualitative tests (8) indicated that both pathways for H2S accumulation are excluded from the cysteine biosynthetic regulon; they are not negatively regulated by cysteine, the corepressor of the cysteine biosynthetic enzymes (19) , or by the absence of the cysB gene product, which is necessary for induction of the biosynthetic pathway (5, 16) .
The role that anaerobic sulfite and thiosulfate reduction play in the anaerobic survival of Salmonella species has not yet been explored. To address this question, we are investigating the biochemistry, physiology, and genetics of H2S production by S. typhimurium. Here we report an initial characterization of sulfite reduction by a cysI mutant and describe the purification and properties of its anaerobically induced sulfite reductase.
MATERIALS AND METHODS
Strains, media, and growth conditions. Wild-type strain LT2 was obtained from B. N. Ames. Strains EB218 (AcysI68), EB230 (cysJ299 araB9), EB232 (AcysG458), and EB245 (cysB403) were all from the Salmonella Genetic Stock Centre and provided by K. Sanderson.
The mineral base used in minimal media was VogelBonner medium E (29) formulated with 50 mM phosphate ANAEROBIC SULFITE REDUCTION BY S. TYPHIMURIUM buffer (pH 6.6) and supplemented with 1.0 mM CaCl2, 1 Sulfite reductase assay. Sulfite reductase activity was assayed as sulfide production, using an adaptation of the previously described method (7, 12) for the colorimetric determination of sulfide through the formation of methylene blue. The complete assay procedure is given below. Unless otherwise noted, all assays were carried out at 37°C for 10 min in 5-ml serum-stoppered vials that had been made anaerobic by alternate evacuation and filling with 02-free argon. The reaction mixture for in vitro assays consisted of 50 mM degassed Tris buffer (pH 7.5) containing extract and 1 mM electron donor in a total volume of 0.5 ml. When NADH was the electron donor, the reaction mixture also contained, to regenerate NADH, 10 mM sodium malate and 18 U of malate dehydrogenase. The reaction was started by adding sodium sulfite (final concentration, 1 mM). The assay was stopped after 10 min by addition of 0.5 ml of 1% zinc acetate (made fresh daily by dilution of a 10% stock) and 0.025 ml of 12.5% NaOH. Color was developed by addition of 0.2 ml of 20 mM N,N-dimethyl-p-phenylenediamine in 6.5 N HCl, followed by 0.1 ml of 46 mM FeCl3 in 1.2 N HCl. After 15 min, particulate matter was removed by centrifugation in a microfuge, 4 ml of water was added to the supernatant, and A670 was measured. Whole-cell assays were performed by using, in place of the reaction mixture described above, harvested cells resuspended at about 1/20 the original volume in anaerobic 50 mM phosphate buffer (pH 6.6). Electron donors were added at the following concentrations: sugars, 22 mM; sodium formate, 29 mM; hydrogen, 100% in gas phase of the reaction vial. Spheroplasts, prepared by the method of Osborn and Munson (24) , were used in place of whole cells in some assays, as noted.
Thiosulfate reductase activity was measured in whole cells as described above except that sodium thiosulfate was substituted for sodium sulfite, and the zinc sulfide precipitate was collected by centrifugation in a microfuge for 2 min at top speed and suspended in 0. Laemmli and Favre (20) in 1.5-mm slab gels with a gradient (5 to 15%) of acrylamide. Analytical and semipreparative nondenaturing gel electrophoresis was carried out in 1.5-mm slab gels with 5% acrylamide, using an N,Nbisacrylamide-Tris-N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid buffer system (14) . Protein was determined by the Coomassie blue binding assay (6) .
RESULTS
Factors affecting anaerobic prototrophy of cysl mutants.
The anaerobic prototrophy of cysI, cysJ, and cysB mutants was first observed under a hydrogen-carbon dioxide atmosphere (2) . To and EB245, respectively) for growth on glucose-sulfite minimal medium plates under nitrogen-carbon dioxide and under argon, both commercial-grade argon with a small amount (<0.33%) of air contamination and oxygen-free argon. All three strains grew as prototrophs under H2-CO2, N2-CO2, and oxygen-free argon but required cysteine for growth under the argon contaminated with air. These results indicated that the lack of oxygen was more important than the presence of hydrogen for activity of the anaerobic sulfite reductase facilitating prototrophic growth of the cysl and cysJ mutants.
In the earlier study (2), we noted that the anaerobic prototrophy of the cysI and cysJ mutants was readily demonstrated on plates but occurred in liquid only when the inoculum was a fresh culture grown on complex medium. Experiments directed toward identifying the specific factor required in liquid revealed that trace amounts (10-7 to 10-6 M) of cysteine facilitated growth of the cysI mutant, strain EB218, in anaerobic liquid medium. In contrast, a concentration greater than 10-4 M was required for the same amount of growth under aerobic conditions. The latter concentration was also required for both anaerobic and aerobic growth of the Cys-mutants affected in cys genes other than cysl, cysJ, and cysB (2) . Presumably, the previously reported rapid anaerobic prototrophic growth of strain EB218 on agar but not in liquid was due to trace amounts of sulfur in agar.
Stable spontaneous mutants of strain EB218 that no longer required the trace amounts of cysteine for anaerobic growth frequently appeared in anaerobic liquid minimal medium cultures. Such mutants also appeared on minimal plates incubated under the argon contaminated with air. The mutants appearing in both situations exhibited the same phenotype: aerobic cysteine auxotrophy, anaerobic prototrophy without need for trace amounts of cysteine, and ability to grow prototrophically under the argon contaminated with air. The sulfite reductase activity assayed in one was no greater than that of the parent strain. These results argue against a leaky Cys-phenotype as the explanation for the requirement for trace amounts of cysteine in anaerobic liquid media by strain EB218. Instead, they suggest that the need for reduced sulfur is associated with a genetically suppressible oxygen-sensitive expression or oxygen-sensitive activity of the anaerobic sulfite reductase.
Anaerobic sulfite reduction as a possible anaerobic respiratory system. A role for the anaerobic sulfite reduction pathway in cysteine biosynthesis is difficult to reconcile with the positive effect of cysteine on initiation of anaerobic growth with sulfite by strain EB218 noted above and the ability of this strain to produce H2S from sulfite in complex media. We therefore explored an alternative role for sulfite reduction in anaerobic energy generation. First, we examined the effect of sulfite (2 mM) on the anaerobic growth of the cysI mutant (EB218) in the presence of limiting carbon (Fig. 1 ). This concentration of sulfite was selected because concentrations in minimal medium of higher than 5 mM were toxic (data not shown). The sulfite was converted almost stoichiometrically to sulfide without affecting growth yield (Fig. 1) . Similar results (not shown) were obtained for the wild-type strain, LT2.
We also examined the expression of sulfite reductase activity during anaerobic growth (Fig. 2) . If anaerobic sulfite reduction served to produce metabolic energy, one would expect to find greatest activities during exponential growth. However, the maximal specific activity of sulfite reductase was obtained after the cells had reached stationary phase. To determine whether anaerobic sulfite reduction involved a molybdoenzyme as do the anaerobic reductions of nitrate, trimethylamine oxide, and thiosulfate (10, 27) , chlorateresistant mutants of strain EB218 were examined. All were found to retain anaerobic prototrophy as well as the ability to produce H2S from sulfite in complex media. However, one similarity with certain anaerobic respiratory systems was identified. Dissimilatory reductases for several anaerobic electron acceptors have been shown to be negatively regulated by electron acceptors of greater energy potential, particularly nitrate (15) . Similarly, 0.1 mM nitrate in the anaerobic glucose-sulfite minimal medium caused the cysI mutant to behave as a cysteine auxotroph. Nitrate in the medium did not affect the prototrophy of the wild-type strain, LT2. Nitrite (0.1 mM) in the medium also converted strain EB218 to an anaerobic auxotroph without affecting wild-type prototrophy. Anaerobic sulfite reductase activity in the cysI mutant. Whole cells of strain EB218 were assayed for sulfite reduction with galactose, formate, and hydrogen as electron donors (Table 1 ). All three compounds were found capable of driving the in vivo reduction of sulfite to sulfide at rates two-to threefold greater than the apparent endogenous rate. That this reaction was catalyzed by a sulfite reductase distinct from thiosulfate reductase was indicated by the results obtained by using a cysG (siroheme) mutant, strain EB232, and thiosulfate as the electron acceptor (Table 1) . Strain EB232, which is a cysteine auxotroph under both anaerobic and aerobic conditions, was unable to reduce sulfite but exhibited activities with thiosulfate as high as those of strain EB218.
Sulfite reductase (assayed with galactose as the electron donor) was quantitatively recovered in the spheroplast fraction of strain EB218 grown anaerobically in minimal medium containing 0.5 mM sulfite, which indicated that it is not a periplasmic enzyme. A number of sugars and fermentation intermediates, including glucose, galactose, glycerol, formate, and pyruvate, were capable of driving the reduction of sulfite to sulfide by spheroplast preparations. The apparent Km for sulfite in spheroplast preparations was determined to be 0.17 mM.
Several compounds were tested for the ability to support sulfite reduction by crude extracts of strain EB218, among which NADH was found to be the most effective electron donor (Table 2) . Formate did not reduce sulfite in the crude extracts. Among the artificial dyes used, only dithionitereduced methyl viologen supported sulfite reductase activ- " Data are for a typical preparation. As discussed in Results, the values for total and specific activities for the first three steps varied from preparation to preparation because of limitations of the assay.
b Units of activity are equivalent to nanomoles of sulfide produced per minute with NADH as the electron donor.
' Activity was determined by using 50 p.1 of each fraction assayed in the presence of 100 p.1 of a partially purified (through high-speed centrifugation) preparation of strain EB232 (cysG458). Specific activity is expressed in terms of milligrams of protein in the fraction itself.
d Activity was determined as described in footnote c except that 200 pL. of each fraction was combined with 100 ,u1 of the preparation from strain EB232.
ity, and at a rate only 30% of that supported by NADH. Under the conditions used here, approximately 1 mM NADH was required for maximal sulfite reductase activity in the presence of malate dehydrogenase and sodium malate to regenerate NADH. Activity was negligible in extracts maintained under an atmospheric concentration of oxygen, but the apparent inhibition by oxygen was fully reversible. Thus, anaerobic sulfite reductase could be purified under aerobic conditions.
Purification of anaerobic sulfite reductase. Anaerobic sulfite reductase was purified to near homogeneity (Table 3 and Fig. 3 ) from anaerobically grown cultures of the cysI deletion mutant, strain EB218, as described in Materials and Methods. Strain EB218 was used rather than the wild type to avoid potential confusion between the anaerobic enzyme and the biosynthetic sulfite reductase. Sulfite FIG. 4 . Sephacryl S-300 chromatogram and activity profile of anaerobic sulfite reductase. Sephacryl S-300 chromatography was performed as described in Materials and Methods; 50-,u portions of each fraction were assayed. Symbols: *, no additions; 0, assay in the presence of 100 pJ of a partially purified (through high-speed centrifugation) preparation of strain EB232 grown in the purification medium; D1, assay in the presence of 50 ,ul of fraction 23. centrifugation, which indicated that it is a soluble rather than a membrane-bound enzyme. The activity was bound by DEAE at 100 mM NaCI and eluted by 200 mM NaCl. After DEAE chromatography, sulfite reduction exhibited an absolute dependence on NADH; dithionite-reduced methyl viologen no longer served as an alternative electron donor.
Fractional precipitation with ammonium sulfate, which was used to concentrate activity after DEAE chromatography, resulted in a decrease in activity. However, the poor recovery after ammonium sulfate precipitation was only apparent, as activity increased in the next step. The apparent loss may have been due to a limitation in the assay associated with high protein concentration. In fact, although the enzyme assay enabled us to monitor enzyme activity through all purification steps, it was difficult to quantitate total enzyme activity in the early steps because the activity was nonlinear with enzyme concentration as a result of its apparent inhibition at high protein concentrations.
Gel chromatography on Sephacryl S-300 (Fig. 4) brought about a physical change in the sulfite reductase. Little or no activity was recovered in any single fraction outside the void volume (Fig. 4, fractions 5 to 9 ), but significant activity was obtained when early fractions (fractions 15 to 19) were combined with later fractions (fractions 19 to 27). This result suggested that the sulfite reductase activity involved two protein components separated by the gel chromatography. Their apparent molecular weights, as determined by using a standard calibration curve constructed for the Sephacryl S-300 column, were 363,000 (protein from fraction 23) and 490,000 (protein from fraction 17). Fraction 23, but not fraction 17, was also found to complement a partially purified extract of the cysG (siroheme-deficient) mutant EB232. The latter result suggested that the protein in fraction 23 contained siroheme and thus represented the active site of sulfite reduction, i.e., the terminal reductase.
The nature of the variable amount of sulfite reductase activity in the very early (void volume) fractions was further investigated. Gel chromatography (Bio-Gel A-5M) of the void volume fractions after concentration by ultrafiltration was found to separate the activity into the same two complementary components described above. This result indi- , continuous absorbance at 280 nm obtained with a UV detector; 0, enzyme activity without additions; 0, enzyme activity in the presence of 100 pI of a partially purified extract of strain EB232 (through high-speed centrifugation).
cated that the activity in the void volume of the Sephacryl S-300 chromatography was due to coelution of specific aggregates of the two components rather than the presence of polydisperse aggregates consisting of both components.
The presumed siroheme-containing component was further purified. Sephacryl S-300 fractions 20 to 26 (Fig. 4) were pooled and concentrated by ultrafiltration (data not shown). After concentration, these fractions were found to exhibit low levels of NADH-dependent sulfite reduction in the absence of the cysG mutant extract. This intrinsic activity supports the contention that the protein undergoing purification represented a terminal reductase which, however, required an additional component for full activity. The concentrated fractions were purified to near homogeneity by DEAE-Trisacryl chromatography with gradient elution of 100 to 300 mM NaCl (Fig. 5) . The purified protein did not require the cysG mutant extract for activity, although greater specific activities were still obtained when this extract was present. SDS-PAGE showed that the major protein in the active DEAE-Trisacryl fraction was at least 95% pure and had an apparent molecular weight of 67,000 (Fig. 3) .
That this 67,000-Mr subunit represented the anaerobic sulfite reductase was demonstrated as follows. The active fraction from DEAE-Trisacryl chromatography was subjected to semipreparative nondenaturing gel electrophoresis, and the major protein component was determined by Coomassie blue staining. Elution and assay of protein of the same Rf from a nonstained lane of the gel demonstrated that the protein had sulfite reductase activity (23% yield). The active protein was then eluted and subjected to SDS-PAGE. The results showed unequivocally that the protein with sulfite reductase activity consisted of a 67,500-Mr subunit (Fig. 3, lane 7 with purified anaerobic sulfite reductase by using nondenaturing gel electrophoresis (Fig. 6) . Because of the relatively high molecular weight of anaerobic sulfite reductase, it was easily located even in only partially purified extracts. Both strains appeared to contain anaerobic sulfite reductase protein, which suggested that that siroheme is not required for synthesis of anaerobic sulfite reductase and moreover that its presence may not be required for association of the subunits. DISCUSSION The results of this study have shown that the sulfitereducing system facilitating the anaerobic prototrophy of cysI, cysJ, and cysB mutants of S. typhimurium requires (i) the absence of oxygen, (ii) the presence of io-7 M cysteine or an unidentified compound (presumably a reducing agent) that is present in agar, and (iii) the absence of nitrate and nitrite. The first requirement is consistent with a physiological role for this system in sulfur assimilation under anaerobic conditions. In such a model for sulfur assimilation, the previously characterized cysteine biosynthetic pathway might be the aerobic pathway, with the sulfite reduction step being replaced, under anaerobic conditions, by the anaerobic sulfite reductase under investigation. However, because ii and iii were requirements of the cysI, cysJ, and cysB mutants but not for prototrophy of the wild type, the model would have to include the designation "auxiliary" for this novel anaerobic sulfite reductase. The difficulty in rationalizing the advantage of such an auxiliary system to anaerobic growth is then compounded by the nature of requirement iii. Inhibition by nitrite might be explained by competition for the active site of a sulfite reductase (17) , but the effect of nitrate is without precedent in the regulation of anabolism.
Nitrate control is more consistent with a role for the anaerobic sulfite reductase in anaerobic energy metabolism. Nitrate in the growth medium is known to repress less favorable anaerobic energy-generating systems (15) . We had hypothesized that sulfite reduction performed by cysI and cysJ mutants was the activity of a dissimilatory enzyme responsible for H2S production from sulfite in complex media. In fact, detectable H2S production from sulfite also requires a low oxidation-reduction potential, as indicated by the location of the zone of blackening in H2S detection tubes (8) and the absence of nitrate (8) and nitrite (Barrett, unpublished findings). Furthermore, H2S production from sulfite is more vigorous in complex media than in defined solid media lacking cysteine (M. A. Clark and E. L. Barrett, unpublished findings). The hypothesis predicts that sulfite reduction can contribute to anaerobic energy generation. The prediction was tested in this study and was not borne out: the nearly stoichiometric reduction of sulfite to sulfide by S. typhimurium did not affect growth yield. Although sulfite is a poor electron acceptor compared with nitrate and trimethylamine oxide (28) , one would expect it to offer some contribution to yields obtained with a very limiting carbon source if its reduction were part of an anaerobic respiration. That sulfite reductase activity was greatest in stationary phase and was carried out by a soluble cytoplasmic enzyme also points to a role outside of the electron transport associated with energy generation during anaerobic growth.
On the other hand, the fact that NADH was an effective electron donor for sulfite reduction indicates that sulfite reduction, as estimated by the degree of H2S production in diagnostic media, can consume significant amounts of reducing power generated by the cell under anaerobic conditions. Interestingly, maximal activity in stationary phase is also a feature of anaerobic thiosulfate reductase (8) and the secondary nitrate reductase (Barrett, unpublished findings), and neither activity appears capable of supporting growth with a nonfermentable carbon source (4; R. Bradford and E. Barrett, unpublished findings). Perhaps the sulfite and thiosulfate reductions as well as nitrate reduction by the secondary nitrate reductase all play a unique role under anaerobiosis in, for example, cell maintenance or survival under nongrowing conditions.
Anaerobic sulfite reductase activity was demonstrated in the cysI deletion mutant EB218 by using an assay in which sulfide was quantitatively recovered and determined. Endogenous activities, representing sulfide found in the absence of added sulfite, were detected even in the cysG mutant, strain EB232. Perhaps this sulfide was the product of cysteine desulfhydrase activity (9, 13) . The same assay, but with thiosulfate instead of sulfite, was also found suitable for the assay of thiosulfate reductase.
Here we report the purification and initial characterization of the anaerobic sulfite reductase that facilitates the growth of S. typhimurium in the absence of the biosynthetic sulfite reductase. Like the latter enzyme, the anaerobic sulfite reductase requires a functional cysG gene (hence, presumably siroheme) for activity, as does the production of H2S from sulfite in diagnostic media (3 on November 6, 2017 by guest http://jb.asm.org/ protein component, the product of the cysJ gene, is required for NADPH-dependent activity (11, 25, 26) . The anaerobic sulfite reductase, in contrast, appears to exist in solution as two components, both of which are required for maximal NADH-driven sulfite reduction. Their apparent molecular weights, as determined by reference to a standard calibration curve constructed for the Sephacryl S-300 column, were 363,000 and 490,000, respectively. This type of molecular weight determination assumes that the molecules have shapes similar to those of the marker proteins; therefore, additional experiments are required to obtain a more precise molecular weight estimate. Under the conditions reported here, we have obtained no evidence for stable complex formation between these two components.
(The sulfite reduction activity detected in the void volume of the Sephacryl S-300 column appeared to be due to the coelution of specific aggregates of the two components, since they were separated on subsequent chromatography on Bio-Gel A-SM.) The predominant form of the terminal reductase consistently obtained during different purifications was the 360,000-molecular-weight component. In SDS-PAGE, this protein formed a single band of Mr about 67,000, which indicated that the purified protein is a homo-oligomer of four to six subunits. A detailed analysis of the protein which, like the cysG mutant extract, complemented the activity of the purified protein awaits its further purification. Although it is possible that this complementing factor was the cysJ product, the requirement for NADPH by the cysJ product (25, 26) would necessitate the additional participation of an NADH-NADPH transhydrogenase in Sephacryl S-300 fractions containing one or the other component.
A number of differences between the terminal reductase purified here and the assimilatory reductase suggest that they may differ in enzymological and molecular (i.e., activesite configuration) properties. Oxygen reversibly inhibited the anaerobic reductase but has not been reported to affect the assimilatory reductase. NADH, but not methyl viologen, reduced the anaerobic enzyme, whereas methyl viologen has been shown to be an effective reductant of the hemoprotein of assimilatory sulfite reductase (26) . On the other hand, the structural similarities between these enzymes tempts the speculation that they may be related through ancestral gene duplication. This question can be answered after cloning and sequencing of the respective genes. The cysI and cysJ genes have recently been cloned (J. Ostrowski and N. M. Kredich 
